The aim of this work was to investigate the occurrence of phosphoenolpyruvate carboxykinase (PEPCK) in different tissues of Arabidopsis thaliana throughout its vegetative and reproductive growth. The A. thaliana genome contains two PEPCK genes (PCK1 and PCK2), and these are predicted to generate 73,404 and 72,891 Da protein products, respectively. Both genes were transcribed in a range of tissues; however, PCK1 mRNA appeared to be more abundant and was present in a wider range of tissues. PEPCK protein was present in flowers, fruit, developing seed, germinating seed, leaves, stems and roots. Two PEPCK polypeptides, of $74 and $73 kDa were detected by immunoblotting, and these may arise from PCK1 and PCK2, respectively. PEPCK was abundant in cotyledons during post-germinative growth, and this is consistent with its well established role in gluconeogenesis. PEPCK was also abundant in sink tissues, such as young leaves, in developing flowers, fruit and seed. Immunohistochemistry and in situ hybridization showed that PEPCK was present in the nectaries, stigma, endocarp of the fruit wall and in tissues involved in the transfer of assimilates to the developing ovules and seeds, such as the vasculature and seed coat. The potential functions of PEPCK in A. thaliana are discussed.
Introduction
In plants, phosphoenolpyruvate carboxykinase (PEPCK; EC 4.1.1.49) is a cytosolic enzyme that catalyzes the reversible reaction
PEPCK is only present in certain plant cells, and in many plant and animal tissues and in microorganisms, PEPCK is an inducible enzyme . In plants, PEPCK has been found in the phloem companion cells, roots, the flesh of fruits, stomatal guard cells, simple and glandular trichomes, latex-producing ducts, developing seeds, germinating seeds and in the leaves of many C 4 and CAM plants (Kim and Smith 1994 , Borland et al. 1998 , Leegood and Walker 2003 . PEPCK is therefore present in many more tissues and cell types than was once thought but, in many of these cells and tissues, it is only present under certain conditions, or at certain stages of development (Leegood and Walker 2003) . Only in some of the plant cell types has the function of PEPCK been clearly established. In germinating seeds, it catalyzes an essential reaction in the conversion of lipids and some amino acids to sugars by gluconeogenesis ap Rees 1978, Rylott et al. 2003) . In the leaves of some C 4 and CAM plants, it functions as a decarboxylase in the photosynthetic CO 2 -concentrating mechanism (Dittrich et al. 1973, Burnell and Hatch 1988) . For some other cells and tissues, there is evidence that PEPCK plays a role in the metabolism of nitrogenous compounds (Leegood and Walker 2003 , Chen et al. 2004 , Delgado-Alvarado et al. 2007 .
Despite this occurrence in a diverse range of plant cell types, only one PEPCK gene has been detected in cucumber (Kim and Smith 1994) and tomato (Bahrami et al. 2001) . However, in other plants, such as Brassica napus, Brassica campestris and Brassica oleracea, PEPCK is encoded by a multigene family (Sa´ez-Va´squez et al. 1995) . The C 4 plant, Urochloa panicoides possesses at least four PEPCK genes, and different members of this multigene family are transcribed in different tissues (Finnegan et al. 1999, Suzuki and Burnell 2003) . In Arabidopsis, genome sequencing has shown that two PEPCK genes are present, and that these are located on chromosomes 4 (PCK1) and 5 (PCK2) [The Arabidopsis Information Resource (TAIR; http:// www.arabidopsis.org); Rylott et al. 2003 ].
In Arabidopsis, the function of PEPCK in gluconeogenesis in germinating seeds has been studied (Rylott et al. 2003 , Penfield et al. 2004 ; however, its occurrence in other parts of the plant is uncertain. In this study, PEPCK gene expression and the occurrence of PEPCK protein and its activity in different tissues of Arabidopsis was determined during both vegetative and reproductive growth. Immunolocalization was also used to identify the location of PEPCK protein in developing flowers and seeds.
Results

PEPCK in seedlings during post-germinative growth
The abundance of PEPCK protein and its activity was determined throughout cotyledon development. Both were highest 1 d after germination, and after 2 d rapidly declined. However, low amounts persisted until the cotyledons began to senesce after 13 d (Fig. 1) . The amount of PEPCK activity was significantly higher at 1 and 2 d after germination than at other times (Tukey multiple comparison test; P50.001). A 74 kDa PEPCK polypeptide was detected throughout cotyledon development, and its intensity on immunoblots corresponded to the activity of PEPCK (Fig. 1B, D) . Shortening the exposure time of the immunoblot revealed the presence of a less abundant 73 kDa polypeptide, and this was only detected for the first 2 d after germination (Fig. 1A) . Evidence that the 73 kDa polypeptide was not produced by proteolysis of the 74 kDa polypeptide was provided by incubating extracts at 258C for 60 min before denaturation for SDS-PAGE. During this time, the intensity of the 74 kDa band decreased, the intensity of the 73 kDa band was unchanged, and a 62 kDa band appeared (Fig. 1C) . These observations are consistent with the cleavage of the 74 kDa form of PEPCK to the 62 kDa form, as has been found to occur in extracts of a range of plant tissues (Walker et al. 1997) . Lack of cleavage of the 73 kDa form might be the result of a conformational difference which denies access to the protease.
The presence of mRNA arising from PCK1 and PCK2 was determined using reverse transcription-PCR (RT-PCR). Throughout seedling development, mRNA arising from both genes was present ( Fig. 2A) . RT-PCR products, synthesized using forward primers specific for either PCK1 or PCK2, and a common reverse primer, were cloned into a pUC57 T-cloning vector and sequenced. This confirmed that the transcripts arose from the PCK1 and PCK2 genes (data not shown). Although PEPCK protein and activity changed substantially during germination (Fig. 1) , the transcripts remained rather constant (Fig. 2) , which might indicate regulation at the level of translation and degradation.
PEPCK in plants during vegetative growth
The abundance of PEPCK protein and its activity, and the presence of mRNA arising from the PCK1 and PCK2 genes, was determined in leaves, stems and roots at different stages of development. Leaves were identified by number, No. 1 being the oldest. Under the conditions used in this study, the transition from juvenile to adult vegetative meristem generally occurred between the appearance of leaf 4 and 5. Four-to five-week-old plants possessed very small emerging leaves located in the center of the basal rosette, and these were too small to be harvested individually; therefore, they were termed the rosette and extracted together. PEPCK protein and its activity were present in the leaves of both 3-and 4-week-old plants (Fig. 3A, B) . In 3-week-old plants (Paradigm Growth Immunoblots in which PEPCK polypeptides are indicated by an arrow. Cotyledons were collected at different times after germination, and extracts, each containing 15 mg of protein, were subjected to SDS-PAGE. After transfer of the fractionated polypeptides to an Immobilon-P membrane, PEPCK was detected using a specific antiserum. . PEPCK protein and its activity were also higher in roots. In general, the abundance of PEPCK protein and its activity in a tissue were in agreement ( Fig. 3A-C) . However, because the activity was expressed on a fresh weight basis, and SDS-polyacrylamide gels were loaded on an equal protein basis, immunoblots and activity measurements are not directly comparable in all cases (e.g. roots contain comparatively little protein, so that immunoblots appear more intense). In 4-week-old plants, RT-PCR showed that both PCK1 and PCK2 mRNAs were present in roots and stems; however, as during post-germinative growth of seedlings, the abundance of the PCK1 mRNA appeared to be higher (Fig. 2B ). In rosette leaves and cauline leaves, PCK1 mRNA was present; however, under the conditions of the RT-PCR employed, PCK2 mRNA was not detected (Fig. 2B ).
PEPCK in plants during reproductive growth
Arabidopsis flower development was divided into six stages (Fig. 5) , and these correspond to those of Bowman (1994) , which are indicated in parentheses: stage 1 (10.25), stage 2 (12-13.25), stage 3 (13), stage 4 (14), stage 5 (15-16) and stage 6 (16-17). When whole flowers were used, both PEPCK activity and PEPCK protein were detected throughout development (Fig. 4A ). There was no significant difference in PEPCK activity between flowers at different stages of development. A 74 kDa PEPCK polypeptide was detected throughout development; in addition, a 73 kDa PEPCK polypeptide was detected at stages 4 and 5 ( Fig. 4A ). To investigate whether the 73 kDa polypeptide was produced by proteolysis of the 74 kDa polypeptide, extracts were incubated at 258C for 60 min before denaturation for SDS-PAGE. During incubation, the abundance of the 74 kDa polypeptide decreased, a 62 kDa polypeptide appeared, and the abundance of the 73 kDa polypeptide remained unchanged. This suggests that the 73 kDa form was not an artifact of the extraction procedure. To investigate the occurrence of PEPCK in different parts of the flower, approximately 1,000 flowers at stages 3 and 4 of development were dissected into four tissues (i) sepal, petal and stamen; (ii) carpel; (iii) receptacle; and (iv) pedicel. PEPCK activity and PEPCK protein were present in all parts of the flower. However, PEPCK activity was significantly higher in carpels at stages 3 and 4 and in the receptacles at stage 4, than in other reproductive tissues (Tukey multiple comparison test; P50.001). An immunoblot showed that a 74 kDa polypeptide was present in all floral tissues, and that in receptacles at stage 4, a 73 kDa polypeptide was present at low abundance (Fig. 4B) . RT-PCR showed that both PCK1 and PCK2 mRNAs were present except at the first stage of development (Fig. 2B) .
Location of PEPCK in flowers, fruit and seed
The location of the PEPCK in flowers, fruit and seed was determined at six stages of development (Fig. 5) . For immunolocalization of PEPCK protein, the antibody used only recognized PEPCK on full-length Western blots of Arabidopsis and other plant extracts (Chen et al. 2000 , data not shown), and pre-immune serum gave no signal on sections (e.g. Fig. 5F ). Fig. 4 The abundance of PEPCK polypeptides and activity in the reproductive parts of Arabidopsis plants. Extracts, each containing 15 mg of protein, were subjected to SDS-PAGE. After transfer of the fractionated polypeptides to an Immobilon-P membrane, PEPCK was detected using a specific antiserum. PEPCK activities, which are shown above the immunoblots, are U g À1 FW and are means AE SE of five separate measurements. (A) The upper immunoblot is of whole flowers/fruit at different stages of development. Note that two PEPCK polypeptides are visible at stages 4 and 5. The lower immunoblot is as for the upper blot, except that after homogenization, extracts were incubated at 258C for 1 h before denaturation. This allowed partial cleavage of PEPCK by endogenous proteases. Numbers are molecular mass in kDa. For immunolocalization, Fast red stain was used in A, B, E, G, H, J and L, and the red coloration shows the presence of PEPCK; tetrazolium blue stain was used in K, and the blue coloration shows the presence of PEPCK. For in situ hybridization in C, D and I, tetrazolium blue stain was used, and the blue coloration shows the presence of PEPCK mRNA. An, anther; ch, chalaza; cpt, chalazal proliferating tissue; ed, peripheral layer of endosperm; es, embryo sac; fu, funicle; ie, endocarp of fruit wall; ii, inner integument; ln, lateral nectary; mn, medial nectary; nc, endosperm nuclei; oi, outer integument; ov, ovule; pe, petal; ph, phloem; re, receptacle; se, sepal; st, stigma; vb, vascular bundle; z, zygote. Bars ¼ 400 mm (I), 200 mm (A, B, E-G,), 100 mm (H, J-L) and 50 mm (C, D).
in the phloem in a number of different locations, including the stamen filaments (Fig. 5A) , the receptacle and pedicel (Fig. 5C,D) , the sepals and petals (Fig. 5A,B , Supplementary Fig. S1B ) and the fruit wall (Fig. 5H, K, L) . In addition, PEPCK was present in the stigma (at stage 4, Fig. 5I ) and in the nectaries (Fig. 5B, C, G) .
PEPCK was prominent in the ovules and then in the developing seeds. In Fig. 5 , the location of PEPCK is shown throughout development, and in detail at stages 3-6. At stage 1, the development of the inner and outer integuments is initiated and PEPCK was present in the inner integument, nucellus and funiculus (Fig. 5E, Supplementary Fig. S1A ). During stage 2, megagametogenesis and further growth of the inner and outer integuments occurs, and the outer integument eventually envelops both the inner integument and nucellus (Mansfield et al. 1991 , Olsen 2004 . At this stage, PEPCK was present in the funiculus, the inner integument and the inner layer of the outer integument (Fig. 5G, Supplementary Fig. S1B, C) . During stage 3, anthesis occurs and a mature embryo sac is present. The inner integument is 2-3 cells thick and the innermost layer differentiates into the integumentary tapetum or endothelium. The outer integument is composed of two layers of well defined parallel cells (Schneitz et al. 1995) . At stage 3, PEPCK was present in the funiculus and both the inner and outer integuments, including the endothelium (Fig. 5A, H) . In addition, it was present in the endocarp (the innermost layer of the pericarp or fruit wall), and in the outer cells of the placental tissue of the pericarp (Fig. 5H) . During stage 4, fertilization occurs and embryogenesis and endosperm development are initiated (Brink and Cooper 1947, Olsen 2004) . At this stage, PEPCK was present in the chalazal region (Fig. 5I, J) , the endothelium, outer integument and pericarp (Fig. 5I, J) . During stage 5, the free nuclear endosperm, which encloses the whole of the embryo sac, continues to proliferate and increase in volume, whilst the zygote elongates to form the embryo proper. At stage 5, PEPCK mRNA was present in the inner and the outer integuments, the developing endosperm, the ovary wall and the vasculature of the funiculus and chalazal region (Fig. 5K) . During stage 6, the endosperm attains maximum development and encloses the embryo and suspensor. At stage 6, PEPCK was prominent in the inner layer of the outer integument and in the funiculus (Fig. 5L) .
Discussion
The genome of Arabidopsis contains two full-length PEPCK genes, PCK1 (At4g37870.1) and PCK2 (At5g65690.1). Both PCK1 and PCK2 mRNAs were detected by RT-PCR (Fig. 2) , consistent with a previous study that has shown that both genes are transcribed (Rylott et al. 2003 ). It appears that, at least in some tissues, both PCK1 and PCK2 mRNA are translated into protein, because T-DNA insertions into either gene give phenotypes (Rylott et al. 2003 , Penfield et al. 2004 . PCK1, but not PCK2, mRNA was detected in all tissues studied (Fig. 2) . The predicted size of the protein product is 73,388 and 72,874 Da for PCK1 (671 amino acids) and PCK2 (670 amino acids), respectively. These molecular masses are similar to those of 74 and 73 kDa PEPCK polypeptides detected by immunoblots (Figs. 1, 4) . The 73 kDa polypeptide was only detected in tissues in which PCK2 mRNA was present, whereas the 74 kDa polypeptide was present in tissues in which PCK2 mRNA was not detected (Figs. 1, 2, 4) . Taken together, these results indicate that the 74 and 73 kDa polypeptides are products of the PCK1 and PCK2 genes, respectively.
In Arabidopsis, PEPCK protein was present in cotyledons, leaves, stems, roots, flowers, fruit and seed (Figs. 1, 3, 4) . In cotyledons, the largest amount of PEPCK was present 1-2 d after germination (Fig. 1) , the period during which lipid mobilization is at its greatest (Eastmond et al. 2000) . This is consistent with the well-established role of PEPCK in gluconeogenesis from lipids, and some amino acids, during post-germinative growth of seeds ap Rees 1978, Rylott et al. 2003) . By 3 d after germination, the amount of PEPCK had decreased greatly. However, low amounts persisted through to cotyledon senescence (Fig. 1) , as previously observed by Rylott et al. (2003) , and the amount was similar to that in mature leaves (Figs. 1, 3) .
The abundance of PEPCK was much higher in young than in old leaves of Arabidopsis (Fig. 3) . Within leaves, PEPCK may be present in a number of cell types. For example, in cucumber leaves it is abundant in the phloem and in the trichomes (Chen et al 2000) . In plantain leaves, PEPCK transcripts are found in the vasculature (Pommerrenig et al. 2006) . In tobacco leaves, PEPCK is present in the stomata (data not shown). In tobacco and cucumber, PEPCK has also been found to be more abundant in younger than older leaves. Dissection of the young leaves of tobacco and cucumber showed that the majority of the PEPCK was in the trichomes (R.P. Walker, unpublished results). Therefore, one reason why more PEPCK is present in young leaves may be because a greater proportion of the tissue is composed of trichomes. However, there are other possibilities. The developing rosette leaves are also highly metabolically active sink tissues involved in the biosynthesis of cellular components from imported assimilates, such as amino acids and sugars. PEPCK has been found in other sinks, such as developing seeds, in which it is thought to be involved in the metabolism of incoming nitrogenous compounds, such as asparagine (Walker et al. 1999 , Delgado-Alvarado et al. 2007 . PEPCK in the roots of Arabidopsis is likely to be 446 PEP carboxykinase in Arabidopsis localized to the phloem (Chen et al. 2004 ) and possibly also to the pericycle . Clearly, determining the function of PEPCK in the leaves and roots is unlikely to be achieved by simple feeding experiments using intact organs. Instead, PEPCK activity needs to be deleted or reduced in specific cell types. Within the flowers, the data from immunoblots (Fig. 4) showed that there was comparatively little PEPCK protein in the sepals, petals and stamens, or in the pedicel. However, within these tissues it is clear from the immunolocalization and in situ hybridization data that PEPCK protein and mRNA are largely restricted to the vasculature. Fig. 5 and other studies indicate that PEPCK is contained within the phloem companion cells of the vasculature (Chen et al. 2004) . The majority of the PEPCK protein was present in the carpels and receptacles of the flowers. The immunolocalization and in situ hybridization data in Fig. 5 indicate that, within the receptacle, PEPCK protein and mRNA are located within the vasculature and the nectaries, whilst within the carpel it is largely present within the ovules or developing seeds and in the stigma. In the nectaries, PEPCK protein and mRNA expression was apparent in both the gland itself and the ridge of tissue between the lateral and medial glands. Nectar secretion would occur at about stage 3, prior to fertilization (Bowman and Smyth 1999) . Nectaries secrete both sugars and amino acids, with the composition of the latter determining the insect taste profile (Gardener and Gillman 2002) . Since sugars are likely to be provided directly via the phloem, it may be that PEPCK in this tissue is involved in amino acid transformation from imported assimilates, as discussed below for developing seeds. PEPCK was also immunolocalized to the stigma. The stigmatic surface of Arabidopsis is dry (i.e. non-secretory) (Lord 2000) , but it may be that PEPCK is involved in metabolism that accompanies pollen tube growth.
In the developing seed (Figs. 4, 5) , nutrients, such as sugars or amino acids, enter the developing seed through the vasculature, which, in many seeds, terminates in the seed coat or chalazal region. There is no vascular connection to the embryo or endosperm. Nutrients enter the phloem sieve element-companion cell complex through plasmodesmata, and travel symplastically to the site of unloading into the seed apoplast, from which they are taken up by the embryo or endosperm Offler 1995, Patrick and Offler 2001) . In developing Arabidopsis ovules/seeds, PEPCK was present in the vasculature, and tissues that are likely to be components of the post-phloem transport pathway, such as the chalaza and integuments (Fig. 5) . Similarly, PEPCK is also present in the chalaza and inner layer of the outer integument of the developing grape seed coat (Walker et al. 1999 ) and, in developing pea seeds, it is associated with the inner integument of the ovule, the endospermic cytoplasm and the outer cells of the embryo at the early stages of development (Delgado-Alvarado et al. 2007 ). Later in pea embryo development, PEPCK is abundant at the outer surface of the developing cotyledons, in the embryonic axis and in the vasculature of the seed coat (Delgado-Alvarado et al. 2007) .
The endodermis of the Arabidopsis fruit wall, which lines the locular cavity, was also enriched in PEPCK (Fig. 5K) . In grape and pea, PEPCK is also enriched in cells that line the locular cavity (Walker et al. 1999 , Delgado-Alvarado et al. 2007 ). However, in Arabidopsis and pea, unlike grape, the locular cavity is gas filled, which precludes a role for the endodermis in the direct transfer of nutrients to the seed.
These observations raise the question of the function of PEPCK in tissues of developing seeds. Developing seeds import large amounts of nitrogenous compounds, usually as amino acids, and amides in the phloem, and a large proportion of these are used in the synthesis of seed proteins (Murray, 1987 , Baud et al. 2002 . In Arabidopsis, asparagine is a major phloem constituent (Lam et al. 1995) . In developing seeds of grape and pea, PEPCK is most abundant when amino acid import is at its maximum, just prior to the deposition of storage proteins, and its abundance is greatly affected by the form in which nitrogen is supplied to the seed (Walker et al. 1999 , Delgado-Alvarado et al. 2007 ). In pea, PEPCK protein was strongly induced in vitro in the seed coat by nitrate, ammonium and asparagine, in the cotyledons by asparagine, and in planta by the supply of nitrogen, which led to an increase in asparagine secretion by empty seed coats (Delgado-Alvarado et al. 2007) .
What role might PEPCK play in relation to the metabolism of amino acids and amides? Detailed studies of the metabolism of 14 C-labeled assimilates by developing pea seeds have shown that considerable portions of the carbon skeletons of asparagine, aspartate, alanine and glutamine are converted to sucrose by gluconeogenesis during their metabolism in pea seed tissues (Murray 1987) . In developing seeds, gluconeogenesis via PEPCK may be necessary for two reasons Chen 2002, Delgado-Alvarado et al. 2007 ). First, metabolism of imported amino acids can lead to either production or consumption of protons and therefore affect pH balance, which can be alleviated by the proton-consuming process of gluconeogenesis. Secondly, the utilization of imported nitrogenous assimilates, such as aspartate and asparagine, will lead to the generation of oxoloacetate (OAA). However, this OAA is unlikely to be oxidized via the Krebs cycle, since mitochondria from developing seeds of Brassica napus have negligible fluxes around the Krebs cycle (Schwender et al. 2006) . Instead, OAA is likely to be converted by PEPCK to PEP. PEP can then either be utilized in gluconeogenesis or directed to fatty acid synthesis in the cytosol (Schwender et al. 2006 ).
Materials and Methods
Plant material
Seeds of A. thaliana ecotype Columbia (Lehle seeds, USA) were sown in trays containing moist multipurpose compost (Homebase, Stafford, UK) and vernalized at 48C for 2 d, before being transferred to a growth cabinet at 228C under a photon flux density of 250 mmol m À2 s À1 and a 16 h light/8 h dark photoperiod. For RT-PCR studies, seeds were sterilized and germinated in 1/2 MS, 0.8% agar medium, and grown under continuous light (20 mmol m À2 s
À1
).
Measurement of PEPCK activity Plant material (50-100 mg) was homogenized in a mortar, containing 200-400 ml of 200 mM Bicine-KOH (pH 9.0), 25 mM dithiothreitol (DTT), and then centrifuged for 5 min at 14,000 Â g. The carboxylase activity of PEPCK was measured in supernatants as described previously . Briefly, a continuous assay was used in which OAA produced by PEPCK is immediately reduced to malate, and this is achieved by the inclusion of malate dehydrogenase. The oxidation of NADH by malate dehydrogenase was measured at 340 nm using a spectrophotometer. One unit of PEPCK activity is that which produces 1 mmol product per min at 258C.
SDS-PAGE and immunoblotting
Clarified extracts were prepared as for the PEPCK assay. Protein concentration in supernatants was measured as described by Fryer et al. (1986) . Supernatants were added to an equal volume of 62.5 mM Tris-HCl (pH 7.0), 10% (w/v) SDS, 5% (v/v) 2-mercaptoethanol, 20% glycerol, 0.0002% (v/v) bromophenol blue. These were placed at 1008C for 3 min and, immediately before loading, centrifuged at 14,000 Â g for 2 min. SDS-PAGE and immunoblotting were done as described by Walker and Leegood (1996) . Blots were probed with a polyclonal antiserum raised against PEPCK from Panicum maximum leaves , diluted 1: 1,000 in 20 mM Tris-HCl (pH 7.4), 100 mM NaCl and 5% (w/v) freeze-dried fat-free milk (Boots, UK), for 1 h at 258C. Immunoreactive polypeptides were visualized using an enhanced chemiluminescence kit (Amersham plc, Little Chalfont, UK).
Isolation of RNA and RT-PCR
Total RNA was extracted from A. thaliana flowers of different developmental stages, using an RNA extraction kit (Qiagen, Crawley, UK). A 1 mg aliquot of total RNA was used in reverse transcription reactions to make cDNA strands using oligo(dT) primer and an RT-PCR kit (Promega, Southampton, UK). To differentiate the expression pattern of two Arabidopsis PCK isoforms, I4 (located on chromosome 4) and I5 (located on chromosome 5), a stretch of sequence at the 5 0 region of the genes was targeted which would produce two different sizes, 366 and 326 bp, of PCR products respectively. This region also includes an intron of 364 bp (at nucleotides 278-642) and 438 bp (at nucleotides 254-692) in genomic DNA of both I4 and I5 isoforms, respectively. These introns were included to eliminate any artifact bands caused by genomic DNA contamination during PCRs. A mix of two forward primers (CGGAAACGAAAGTACCGG and AGCAAAGAGAGGTAGCGG) and a single reverse primer (AGGACGTGAGTAAACTTCAAG) were used in ordinary PCRs. A pair of ACTIN2 (At3g18780) primers, forward 5 0 -CTTACAATTTCCCGCTCTGC, reverse 5 0 -GTTGGGATGA ACCAGAAGGA, was used as a constitutive expression control. All PCRs were performed using the same program: 948C for min, 25 cycles for 948C for 30 s, 608C for 30 s, 728C for 1 min, 728C for 5 min final extension. PCR products were loaded and run on a 1% agarose gel and stained with ethidium bromide.
Immunohistochemistry
Tissues were immersed in fixative [30% (w/v) paraformaldehyde, 50% (v/v) ethanol, 10% (v/v) glacial acetic acid] and placed under vacuum (258C, 2-3 h). Embedding in paraffin, cutting of sections and removal of paraffin were then done as previously described (Walker et al. 1997) , except that sections were 10 mm thick. All solutions used after this stage were filtered through a 0.2 mm Nalgene syringe filter (Nalge Nunc International, New York, USA) before applying to the slide. Sections were incubated in blocking solution [10 mM Tris-HCl (pH 7.4), 140 mM NaCl, 5% (w/v) bovine serum albumin] (258C, 0.5 h), blocking solution containing a polyclonal antiserum specific for PEPCK (antiserum as for Westerns) diluted 1: 1,000 (378C, 2 h), washed in 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.02% (v/v) Tween-20 (258C, 15 min) and then incubated in blocking solution containing secondary antibody (anti-rabbit IgG-alkaline phosphatase conjugate; Sigma-Aldrich, Poole, UK) diluted 1 : 1,000 (258C, 1 h). After washing (as above), phosphatase activity was visualized by incubation in 100 mM Tris-HCl (pH 9.5), 1.0 mg ml
À1
Fast red TR, 0.4 mg ml À1 naphthol AS-MX (1-chloro-2-methylbenzenediazonium/3-hydroxy-2-naphthoic acid 2,4-dimethylanilide phosphate) and 0.15 mg ml À1 levamisol (258C 30 min). The reaction was stopped by washing in water and then the slides were mounted in glycerol jelly (BDH, Poole, UK). Tetrazolium blue staining was done as described for in situ hybridization.
In situ hybridization
Sections were prepared as for immunohistochemistry. For subsequent procedures, solutions were treated with diethylpyrocarbonate (DEPC), and glassware baked at 2408C, to reduce RNase contamination (Sambrook et al. 1989) . Both sense and antisense PEPCK RNA probes were constructed. This was done using a digoxigenin RNA labeling kit (Roche, Welwyn Garden City, UK), and, as a template, an Arabidopsis PEPCK cDNA (accession No. H36251) cloned into a Lambda Zip-lox vector. After deparaffinization, slides were rinsed in PBS-T [10 mM Na 2 HPO 4 /7.2 mM K 2 HPO 4 (pH 7.4), 137 mM NaCl, 2.7 mM KCl, 0.1% (v/v) Tween-20] (258C, 3 Â 5 min), treated with proteinase K [20 mg ml À1 in 100 mM Tris-HCl (pH 8.0)] (378C, 0.5 h) and then washed in PBS-T (4 Â 2 min). Post-fixation was done by applying 4% paraformaldehyde to the slides (258C, 10 min). Slides were rinsed (five times) and washed (2 Â 5 min) with PBS-T and then incubated with standard pre-hybridization buffer (Roche) (378C, 0.5 h). RNA probes, at a concentration of 500 ng ml À1 in standard hybridization solution, were incubated with tissue sections (378C, overnight). Sections were washed at low stringency using 2Â SSC [30 mM sodium citrate (pH 7.0), 300 mM NaCl] (258C, 5 min), at high stringency using 0.1Â SSC [1.5 mM sodium citrate (pH 7.0), 15 mM NaCl, 0.1% (w/v) SDS] (258C, 5 min) and then incubated in 1% (w/v) blocking reagent (Roche) (258C, 10 min). Sections were then incubated in 1% (w/v) blocking reagent containing antidioxigenin-phosphatase coupled antibody diluted 1 : 1,000 (Roche) (258C, 2 h), washed in 2Â SSC (2 Â 5 min) and then PBS-T (2 Â 5 min). Phosphatase activity was visualized by incubating
448
PEP carboxykinase in Arabidopsis slides in 100 mM Tris-HCl (pH 9.5), 340 mg l À1 nitroblue tetrazolium, 50 mg l À1 5-bromo-4-chloro-3-indolyl phosphate, 100 mM NaCl and 5 mM MgCl 2 (258C 15 min). After washing in water, sections were rinsed in 30% (v/v) ethanol (258C, 5 s) and dried on a hot plate (458C, 1 h). The slides were then mounted in DePeX (Serva Feinbiochemica, Heidelberg, Germany).
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